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Little is known about the immigration of bone marrow-derived progenitors of Langerhans cells (LC) into the
epidermis. We developed an in vivo system based on the tape stripping method that allowed us to study the
immigration of LC into the epidermis after intradermal injection of bone marrow-derived dendritic cells (DC). Tape
stripping induced a mechanical disruption of the epidermal barrier that led to skin inﬂammation and subsequent
emigration of LC and dermal DC from the skin. Emigrating LC and dermal DC were observed in lymphatic vessels,
and the numbers of LC and dermal DC in the draining lymph node increased. Up to 500 times more injected
precursors migrated into tape-stripped epidermis as compared with unstripped epidermis. Newly immigrated cells
were slender with one or two dendrites and acquired a more dendritic morphology after 2–4 days. They were both
MHC II-positive and negative and they did not express Langerin/CD207, nor macrophage-mannose receptor/CD206
and Fc-epsilon receptor I. In contrast, all cells that had entered the epidermis expressed CD11c and CCR6,
suggesting that they were LC. We conclude that this experimental system may serve as a valuable tool for the
further characterization of LC-precursors and the conditions necessary for LC-immigration into the epidermis.
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Dendritic cells (DC) are professional antigen presenting cells
that can activate naı¨ve T cells and are therefore considered
as ‘‘nature’s adjuvant’’ (Banchereau and Steinman, 1998;
Guermonprez et al, 2002). Langerhans cells (LC) are the
dendritic cells of the epidermis (Schuler and Steinman,
1985; Romani et al, 2003). Skin resident LC are well
characterized and regarded as typical immature DC. The
uptake of antigen, and the subsequent activation and
migration of LC towards the draining lymph nodes are
well-studied processes (Romani et al, 2001). In contrast, the
various differentiation steps from the bone marrow, from
which LC originate (Frelinger et al, 1979; Katz et al, 1979), to
the epidermis are not yet fully understood. It is well
established that transforming growth factor beta 1 (TGF-
b1) plays an essential role in the mouse (Borkowski et al,
1996; Borkowski et al, 1997). LC-like cells can develop from
progenitors through a myeloid differentiation pathway
(Zhang et al, 1999), and also from lymphoid committed
precursors (Anjue`re et al, 2000). The immediate precursor of
LC in the skin has not been defined yet. We therefore
investigated the in vivo migration of LC precursors into the
epidermis.
In preliminary experiments, we detected no immigration
into the epidermis when taking a standard approach such
as injecting bone marrow-derived precursors intravenously
into untreated mice. Earlier, similar studies did not directly
evaluate the epidermis proper (Cruz et al, 1990; Robert et al,
1999). This raised the question as to whether there was a
prerequisite for recruitment of LC-precursors into the
epidermis. We hypothesized that a ‘‘demand’’ for LC may
be necessary. The demand ensues after depletion of
resident LC from the epidermis and is presumably mediated
by CCL20/MIP-3-alpha (Caux et al, 2002; Schmuth et al,
2002). We used mechanical irritation by cellophane tape,
the so-called tape stripping, to deplete LC from the
epidermis. The effects observed with tape stripping on
resident LC are diverse. On the one hand, tape stripping
was used to empty the epidermis of LC (Lessard et al, 1966;
Lessard et al, 1968; Streilein et al, 1982), and on the other
there is evidence in the literature that it induces inflamma-
tion and thereby emigration of LC (Wood et al, 1992;
Nickoloff and Naidu, 1994). We adapted formerly published
methods for our purpose and assessed immigration of LC-
precursors without destroying epidermal tissue. Our aim
was to characterize LC-precursors in living animals with a
readout system that specifically addresses the epidermis.
Results
‘‘Gentle’’ tape stripping causes disruption of the
epithelial barrier, inﬂammation, and emigration of
Langerhans cells from the epidermis To confirm that
barrier disruption was achieved by sequential tape stripping
in our setting, adapted from Streilein et al (1982), we
Abbreviations: BMDC, bone marrow-derived dendritic cell; DC,
dendritic cell; LC, Langerhans cell; MHC II, major histocompat-
ibility complex class II
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monitored the transepidermal water loss (TEWL). Increas-
ing the number of stripping repeats was reflected by an
increasing TEWL (control 5.5 g per m2 per h; 4 repeats
9–10 g per m2 per h; 6 repeats 15 g per m2 per h; 10 repeats
26–30 g per m2 per h). To exclude that LC are physically
pulled out from the epidermis, the number of stripping
repeats was raised up to 30 and epidermal sheets were
prepared 30 min after treatment. These were stained for
MHC II, and LC were enumerated with a calibrated grid
under a fluorescence microscope. None of the treatments
decreased LC-numbers in a significant way (Fig 1A). In a
setting with 12 stripping repeats, we analyzed the skin with
a Hematoxylin and Eosin-staining of paraffin-embedded
sections 4 d after treatment for occurrence of inflammation.
When compared with the untreated ventral side (Fig 1C), the
dorsal side of cross-sectioned ears was swollen, showed
epidermal hyperplasia, and a pronounced inflammation,
indicated by many infiltrating cells (Fig 1C, D). Therefore,
we chose to use 12 stripping repeats for all subsequent
experiments.
To evaluate the optimal time point for injection of
potential precursors, time course experiments were carried
out. Immediately after treatment, the number of LC in the
epidermis was the same as in the untreated control
(98  10% LC), further confirming the results shown in Fig
1A. The number of LC in epidermal sheets prepared from
tape-stripped skin decreased continuously over 4–6 d
(Fig 1B). The nadir was reached on day 6 after treatment
with an average value of 37  11% LC remaining in the
epidermis. As late as 4 wk after the disruption of the epider-
mal barrier, LC-densities reached the control level again.
LC and dermal DC emigrate from tape-stripped skin
through dermal lymphatic vessels (‘‘cords’’) and accu-
mulate in skin-draining lymph nodes In untreated skin,
the network of LC in the epidermis appeared regular (Fig
2A). In the untreated dermis, a typical scattered staining for
MHC II was found (Fig 2B). After tape stripping irregularly
distributed areas with low numbers of markedly enlarged
MHC IIþ cells could be seen in the epidermis (Fig 2C). In the
Figure 1
‘‘Gentle’’ tape stripping causes inflammation and egress of LC from the epidermis. (A) LC densities were not significantly reduced by
increasing tape-stripping repeats. Ears were treated with TIXO-tape up to 30 times, and epidermal sheets were prepared after 30 min. LC were
detected by fluorescent staining for MHC II. The slight differences in mean values reflect variations among single individuals; bars show standard
deviation. (B) After treatment of ear skin with 12 stripping repeats on day 0, the density of MHC IIþ LC in the epidermis of BALB/c mice decreased
continuously over time, as evaluated by fluorescence microscopy. On day 6, only 37  11.7% of steady-state LC numbers could be found. The left
ear was stripped, the right ear of the same mouse served as control and was set equal to 100%. Data were obtained from seven independent
experiments; bars show standard deviation. (C, D) H&E-stained sections of a mouse ear 4 d after tape stripping (12 repeats) are shown. The
epidermis of the tape-stripped, dorsal (upper) half was swollen compared with the untreated ventral half (C). A higher magnification of the tape-
stripped dorsal ear half shows cells infiltrating the inflamed skin (D). Scale bar: 150 mm.
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dermis lymphatic vessels filled with strongly MHC IIþ LC
and dermal DC, so-called ‘‘cords’’ (Weinlich et al, 1998)
were observed (Fig 2D).
Nearly all MHC IIþ cells in cords of tape-stripped skin
expressed CD86 (Fig 2E) and virtually all were positive for
2A1 (Fig 2F), indicating that these emigrating cells acquire
some phenotypical features of maturation on their way to
the draining lymph nodes. Only rarely we found single MHC
IIþ CD86 cells, possibly reflecting that maturation is a
gradual process. Using a mAb specific for the murine
Langerin molecule, we were able to distinguish between
emigrating LC and dermal DC (Valladeau et al, 2002).
Strongly MHC IIþ , Langerinþ cells can be observed in
dermal cords of tape-stripped skin (Fig 2G). The proportions
of LC versus dermal DC varied from cord to cord. Overall,
approximately half of the cells in cords of tape-stripped skin
were MHC IIþ Langerinþ LC and half were MHC IIþ
Langerin dermal DC. Occasionally, MHC class IIþ
Langerinþ cells were also visible scattered throughout the
dermal tape-stripped tissue. It is likely that these cells are
on their way to the lymphatic vessels. Tape stripping
exerted no detectable systemic effect, as concluded from
the observation that the densities of LC in the contralateral,
unstripped ears were always unchanged.
Figure 2
Lymphatic vessels filled with emigrat-
ing LC and dermal DC appear in tape-
stripped skin. A regular network of LC
appears in untreated epidermis (A). In
tape-stripped epidermis (C) patchy
areas with only few LC were visible. This
process was accompanied in the dermis
by lymphatic vessels tightly packed with
emigrating MHC IIþ cells (two examples
shown in D). These ‘‘cords’’ were not
found in untreated dermis (B). The left
ear was tape-stripped 4 d before; the
right ear of the same mouse was the
control. DC in cords expressed CD86/
B7–2 (E: CD86 stained in red, MHC II
stained in green) and 2A1 (F: 2A1 in red,
MHC II in green). Migrating LC in dermal
sheets were identified by their CD207/
Langerin expression. In single cords
different proportions of LC and dermal
DC can be observed, as shown by the
three different cords displayed in panel
G (Langerin stained in red, MHC II
stained in green). Ear skin was analyzed
6 d after tape stripping.
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To extend these findings, we followed emigrating LC and
dermal DC until they reached the auricular lymph node that
drains ear skin. Ears of BALB/c mice were tape-stripped,
and 48 h afterwards mice were euthanized. Single-cell
suspensions were prepared and stained for CD11c and
MHC II, to identify DC, or for Langerin and MHC II, to detect
LC. The percentages of LC and DC in control and tape-
stripped lymph nodes were determined by flow cytometry
(Fig 3A). The obtained percentages did not reveal any
differences, but when the strong increase in total cell
numbers in tape-stripped lymph nodes was considered, the
effects of treatment became evident. The absolute numbers
of LC per lymph node increased 1.5-fold in lymph nodes
draining tape-stripped skin (Fig 3B). There was a statistically
significant 2.5-fold increase in CD11cþ MHC class IIþ cells
in auricular lymph nodes draining treated skin as compared
with control skin (unpaired t test, p¼0.0127). Cell numbers
in the control reflected the normal turnover in a steady state,
whereas the numbers detected after tape stripping show
the influx of LC and DC in an inflammatory setting.
We conclude that the LC induced to emigrate from the
epidermis by tape stripping were subsequently detectable
in the draining lymph node. The total number of dendritic
cells was also strongly increased, which may reflect that
dermal dendritic cells were also mobilized.
Phenotype of injected precursors Precursors to be
injected into the skin were grown from the bone marrow
of BALB/c mice for 6 d in medium supplemented with GM-
CSF and were analyzed by flow cytometry (Fig 4). This bulk
population of bone marrow-derived DC (BMDC) was largely
CD11cþ . It contained a small subpopulation of CCR6þ
cells (mean 6.7  1.3% SD, n¼ 2), which was both positive
and negative for MHC II. Furthermore, we detected a
subpopulation of Langerinþ MHC IIþ cells (4.78  3.7%,
n¼5). CD86 was expressed by 10.5  1.9% of cells (n¼ 2),
which also were strongly positive for MHC II. BMDC were
negative for CD40. Note that no maturation stimulus was
given to these BMDC.
LC precursors immigrate into tape-stripped epidermis
In preliminary experiments, intravenous injection of BM-
derived precursor cells was tested, but it did not result in a
detectable immigration of LC into the epidermis of the ear.
As a consequence, intradermal injections were chosen as
the route of administration for all further experiments.
For detection of immigrated precursors, we used two
different approaches. On the one hand, we selectively
stained MHC II haplotypes, a system where no further
treatment of cells before injection was necessary, but where
detection was dependent on the expression of MHC II by
the injected cells. On the other hand, we labeled BMDC with
the fluorescent cell linker PKH26 before injection. The
labeling procedure, though, decreased the numbers of
precursors detected in the epidermis (data not shown), and
therefore did not seem appropriate for general quantifica-
tion, but rather for detection of the phenotype of immigrated
cells.
The cells obtained from bone marrow cultures of C57BL/
6 mice (i.e., parent mice) were injected intradermally into F1
mice, either into the untreated control ear, or the contral-
ateral ear that had been tape-stripped 5–6 days before. To
determine the number of immigrated cells, epidermal
sheets of one whole ear per time point were prepared. To
exclude a failure of the injection, dermal sheets from each
evaluated ear were controlled for the presence of injected
cells. Detection of immigrated parent cells was possible by
selective staining of MHC II haplotypes to identify single
positive injected parent cells (I-Abþ I-Ed) among double
positive host F1-cells (I-Abþ I-Edþ ). Tape stripping in-
creased the number of LC-precursors that immigrated into
the epidermis up to 500 times as compared with control
epidermis in five independent experiments (Fig 5A). A mean
of 338 (range 4–1202) LC per ear immigrated into tape-
Figure 3
Langerhans cells and dermal DC accumulate in lymph nodes
draining tape-stripped skin. (A) Similar percentages of CD207/
Langerinþ LC and CD11cþ DC were detected by FACS analysis in
auricular lymph nodes, draining ear skin that was either left untreated or
tape-stripped 48 h before (one representative experiment out of 4 is
shown). (B) The total number of CD207/Langerinþ MHC IIþ cells per
lymph node in untreated mice (11130  3470 LC, open bars)
represented the steady state. In lymph nodes draining tape-stripped
ears (black bars) a 1.5-fold increase of LC to 16130  2380 LC was
detected. For CD11cþ MHC IIþ cells a 2.5-fold increase in DC-
numbers from untreated (16928  4420 DC per lymph node) to tape-
stripped skin (41952  10230 DC per lymph node) could be seen.
Values are the mean  standard deviation, n¼ 4.
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stripped epidermis, whereas in untreated epidermis a mean
of 5 LC per ear was detected (range 0–21). For tape-
stripped ears, this means that about 0.7% (range 0.01%–
2.4%) of the injected cells enter the epidermis. Despite the
strong differences between single experiments and different
time points, the described increase was reproducibly
observed in 10 individual experiments (5 with PKH26 as a
tracker; 5 with selective staining of MHC II haplotypes) and
was statistically highly significant (Wilcoxon matched pairs
test, p¼ 0.0010).
The highest immigration could be detected on days 1
and 2 after injection of precursors. Newly immigrated cells
differed in their morphology in untreated or tape-stripped
skin. The very rare, single cells immigrated into untreated
skin showed a typical LC-morphology, identical to resident
F1-cells (Fig 5B). LC that immigrated into tape-stripped
epidermis were slender with one or two dendrites (Fig 5C).
We repeatedly found clusters containing more than 10 cells
in areas almost completely devoid of resident LC. Smaller
clusters were surrounded by resident or newly immigrated
LC from the recipient (see supplemental online material,
online Fig S1).
Precursors newly immigrated into the epidermis are
CD11cþ , CCR6þ , and Langerin To assess the pheno-
type of newly immigrated precursors, bone marrow-derived
cells from BALB/c mice were stained with the fluorescent
cell linker PKH26 before injection into tape-stripped skin of
syngeneic recipients. One to three days after precursor
injection, epidermal sheets were prepared and stained for
MHC II (Fig 6A), CD11c (Fig 6B), CCR6 (Fig 6C) or Langerin
(Fig 6D). PKH26þ LC-precursors immigrated into the
epidermis could be detected at all time points. These PKH
26þ cells had a round shape 1–2 d after precursor injection
and showed a dendritic shape on day 4 (Fig 6E). PKH26þ
cells in the epidermis were positive for CD11c and therefore
Figure 4
Analysis of unfractionated bone marrow-derived precursors by flow cytometry. BMDC to be injected into the skin contain CCR6þ
subpopulations (6.7  1.3%) that can be positive or negative for MHC II. Furthermore, a population of CD207/Langerinþ MHC IIþ cells (4.8  3.7%)
and a very small population of CD205þ MHC IIþ cells (0.8  0.3%) were detected. BMDC can be considered as immature as they do not express
CD40 and only a modest fraction expresses low levels of CD86 (10.5  1.9%). (Percentages are expressed as mean  standard deviation from 5
independent experiments.)
Figure 5
LC-precursors exclusively immigrate
into tape-stripped skin. (A) Time
course for immigration of precursors into
tape-stripped (filled symbols) or un-
treated epidermis (open symbols). The
number of immigrated LC was assessed
by counting cells positive only for the
MHC-haplotype I-Ab, stained in green, in
the epidermis of one whole ear per time
point. Resident F1-cells were double
positive for the MHC-haplotypes I-Ab
and I-Ed. Results from five independent
experiments are plotted. (B) Only very
few LC immigrated into untreated con-
trol epidermis (arrowhead). These soli-
tary cells showed a dendritic mor-
phology identical to that of resident
F1-cells (1 d after injection of BMDC).
(C) Clusters of injected bone marrow-
derived precursor cells immigrated into
tape-stripped epidermis (2 d after injec-
tion of BMDC). These cells were slender
with only one or two dendrites. The
particular area shown was completely
devoid of resident cells. Scale bar:
55mm.
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can be considered as DC. They also strongly stained for
CCR6, the receptor of the chemokine MIP-3a/CCL20 but
were negative for Langerin. Furthermore, immigrated
PKH26þ cells were found to be either positive or – more
often – negative for MHC II.
To compare the expression patterns of Langerin and
MHC II, the following experiments were performed. Ears
were tape-stripped and, at different time points thereafter,
epidermal sheets were prepared and double-stained for
Langerin and MHC II. In this setting, we did not inject
precursors. Groups of cells positive for MHC II but negative
for Langerin could be detected from day 6 after stripping
(first time point examined) until day 16. From day 20 on no
differential expression was detected, as described pre-
viously; virtually all cells co-expressed both MHC II and
Langerin (Valladeau et al, 2002). The highest numbers of
Figure 6
Precursors newly immigrated into the epidermis are CD11cþ , CCR6þ , CD207/ Langerin, and MHC IIþ or MHC II. (A–D) Bulk bone marrow-
derived DC were labeled with PKH26 (red fluorescence) before intradermal injection. Epidermal sheets were prepared 24–48 h later and stained in
green for one of the following markers: MHC II (A), CD11c (B), CCR6 (C), or Langerin (D). Immigrated cells, detected by red fluorescence were always
positive for CD11c and CCR6 and negative for Langerin. Expression of MHC II was variable. Immigrated PKH 26þ cells were round 1–2 d after
precursor injection (A–D) and acquired a more dendritic shape by day 4 (E). (F, G) Tape-stripped epidermis without precursor injection was
examined. Differential expression of MHC II (stained in green) and Langerin (stained in red) was seen from day 6 until day 16 after tape stripping.
Groups of MHC IIlowLangerin cells were found mostly on days 8 and 10 (F, day 8 after tape stripping). At later time points, Langerin expression was
detected in the distal tips of the dendrites (arrowheads in G, 16 d after tape stripping). (H, I) Subpopulations of BMDC were enriched by magnetic cell
sorting for MHC II- (H) or CD11c-expression (I) and labeled with PKH26 before intradermal injection into tape-stripped epidermis. PKH26þ cells,
which had entered the epidermis, were evaluated under a fluorescence microscope. The ability of MHC IIþ (open bars) or MHC II (filled bars)
subpopulations to enter the epidermis did not show significant differences (H, bars show mean  standard deviation, n¼3). In contrast,
subpopulations enriched for the expression of CD11c (open bar) showed an increased ability to enter tape-stripped epidermis as compared with the
CD11c-negative fraction (filled bar). This effect was especially prominent on day 1 after injection of precursors (I).
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single positive cells were seen on days 8 and 10 after
treatment (Fig 6F). This time point correlates with the
highest immigration rate into the epidermis after tape
stripping (see also Fig 1B). The expression of Langerin
appears to follow a conspicuous pattern of emergence,
being visible first on the very tips of the dendrites. Cell
bodies and proximal parts of dendrites are Langerin at that
point (Fig 6G). Later the molecule is expressed uniformly
over the whole cell, body, as well as dendrites.
To further corroborate these findings, we enriched
subpopulations from BMDC by magnetic cell sorting for
MHC II or CD11c. These enriched subpopulations were
injected into tape-stripped skin and their ability to immigrate
into the epidermis was assessed by counting PKH26þ cells
in the epidermis 1–3 d after precursor injection. Again, MHC
II-positive and MHC II-negative fractions showed a similar
ability to immigrate into the epidermis (Fig 6H), thus
confirming the findings obtained by staining PKH26þ cells
in the epidermis. When we enriched for CD11c-expression,
we found that the CD11c-positive fraction immigrated in
much higher numbers than the CD11c-negative fraction.
This effect was prominent on day 1 after precursor injection
(Fig 6I). These findings are in line with the results obtained by
staining PKH26þ cells in the epidermis that had immigrated
from an injected bulk precursor population (Fig 6B).
To address the possibility that the immigrated cells might
be inflammatory dendritic epidermal cells (IDEC) (Wollenberg
et al, 1996; Wollenberg et al, 2002), PKH26-tagged BMDC
from BALB/c mice were injected into tape-stripped skin of
syngeneic recipients. One day after injection, epidermal
sheets were prepared and stained for CD206/Macrophage
Mannose receptor and the high-affinity IgE receptor, FceRI.
Immigrated PKH26þ cells were negative for each of these
markers (see supplemental online material, Fig S2).
Taken together, these data suggest that those precursors
that retain the ability to immigrate into the epidermis in vivo
have committed to the DC-lineage, by expression of
CD11c, but, as they are negative for MHC II and Langerin,
have not yet acquired the standard phenotype of LC found
in the epidermis. As immigrated cells express CCR6, the
attraction of these precursors to the epidermis in this
inflammatory setting is likely to be mediated by MIP-3a.
Discussion
We present here a novel experimental approach to study
the immigration of LC precursors into their target organ, the
epidermis. Gentle tape stripping provides the necessary
stimulus so that intradermally applied LC precursors enter
the epidermis in sizeable numbers. Furthermore, we were
able to define the bone marrow-derived precursor as a cell
expressing CD11c, CCR6, but no Langerin.
Tape stripping as a gentle way to cause inﬂammation in
the skin and emigration of Langerhans cells Here we
extend previous reports about the effects of tape stripping
on the skin. We wish to emphasize that experimental
parameters (kind of cellophane tape, the number of
stripping repeats) are crucial to the outcome of the
procedure, meaning either immediate physical extraction
of LC (Lessard et al, 1966; Lessard et al, 1968; Streilein et al,
1982) or inflammation and ensuing emigration of LC from
the epidermis. Tape stripping induces upregulation of
mRNA for pro-inflammatory cytokines like IL1-a, IL-1b,
and TNF-a in murine and human skin (Wood et al, 1992;
Nickoloff and Naidu, 1994). These cytokines are important
for the migration of LC (Cumberbatch et al, 1997; Stoitzner
et al, 1999). In addition, tape stripping has been shown to
induce mRNA for CCL20/MIP-3-alpha (Schmuth et al,
2002), the most selective LC precursor-attracting chemo-
kine (Dieu-Nosjean et al, 2000).
Intradermal injection of precursors as a way to study
selectively immigration into the epidermis Cruz et al
(1990) demonstrated that intravenously injected radiola-
beled LC preferentially accumulate in the skin (Cruz et al,
1990). We were unable to detect intravenously injected,
PKH26-labeled cells in tape-stripped epidermis, even on
substantially raising the number of injected precursors (up
to 20  106 BMDC per mouse, data not shown). A possible
explanation is that intravenously injected BMDC accumu-
late in the lung immediately after injection (Eggert et al,
1999). This has been described for other DC-subpopula-
tions, namely viable or even fixed spleen DC (Kupiec-
Weglinski et al, 1988). A critical difference from former work
is that in the setting described here, one can specifically
analyze the epidermis and not only the dermis (Robert et al,
1999) or unseparated whole skin (Cruz et al, 1990). Another
important point is that, in contrast to experiments using
detection of radioactivity as a read-out for immigration, one
can study morphology and expression of marker molecules
in situ.
As opposed to these advantages, some observations
suggest that the conclusiveness of data corroborated in this
model in its present form may be somewhat limited. This is
the seemingly inefficient repletion of inflamed epidermis by
dye-labeled precursor cells and the fact that the alternative
approach using F1 mice allowed one to detect only MHC
IIþ immigrant cells. The validity of the method will certainly
be increased by applying it in Ly-5/CD45 congenic mice
(Merad et al, 2002) or with GFP-transgenic mice as donors
of precursor populations (Eggert et al, 2003).
Immigration of precursors into the epidermis—kinetic
aspects Up to 500 times more LC immigrated into tape-
stripped epidermis as compared with untreated epidermis.
The highest levels of immigration were detected two days
after the injection of precursors. This corresponds to day
8 after tape stripping and this kinetics is comparable to
repopulation of tape-stripped epidermis by resident pre-
cursors (Fig 1A). It is noteworthy that the precursors we
injected, and that were eventually detected in the epider-
mis, had not been enriched by any methods, and they were
also not cultured under conditions that would lead to an
increased number of Langerin-expressing cells such as
for example TGF-b1 (Geissmann et al, 1998; Jaksits et al,
1999; Zhang et al, 1999). They succeeded in entering the
epidermis even though they had to compete with resident
precursors present in the recipient. Interestingly, 10 d after
precursor injection the numbers of immigrated precursors
decreased and reached nearly control levels. A reason may
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be that the turnover rate in inflamed skin is accelerated as
compared to the steady state. Underlining this idea,
McWilliam et al (1994) described a similar situation in the lung
(McWilliam et al, 1994). The fate of immigrated LC that dis-
appeared from the epidermis requires further investigation.
Immigration of precursors into the epidermis—morpho-
logical aspects Immigrant cells to tape-stripped epidermis
are slender with only one or two dendrites and are found
in clusters. These observations are similar to data by
Ghaznawie et al (1999) showing the same morphology of LC
repopulating murine epidermis after mild heat injury. Only
very rare, solitary cells immigrated into untreated skin. They
possessed well-developed dendrites, similar to the resident
F1-Langerhans cells. These differences could reflect either
(1) the important role of the local cytokine milieu on the
morphology of immigrating precursors in steady state and
inflammation, or (2) inherent morphological differences
between newly immigrated precursors derived from the
underlying dermis in a steady state or derived from the
blood in an inflammatory state, as suggested by Merad et
al, 2002.
Immigration of precursors into the epidermis – quanti-
tative aspects Compared with Merad et al, 2002, we found
an even lower rate of LC immigration in the steady state.
They show that in chimeric and parabiotic mice, very few LC
precursors enter the epidermis. Eight weeks after the onset
of chimerism or parabiosis less than 3% of all LC were of
donor/partner origin. The surface area of a mouse ear is
approximately 100 mm2 and the average LC density is
1.000 LC per mm2. Therefore, one ear half contains a total
number of 105 LC. Thus, 3% immigrated LC in Merad’s
experiment would mean 3000 LC per ear in 8 wk. If one
extrapolates this number to the short observation period of
2 d in our experiments it would come to approximately 120
immigrated LC. The mean immigration in our experiments
into untreated ears is 5 LC per ear. The following, partly
methodical explanations for this discrepancy are concei-
vable. (1) Merad et al studied immigration of resident
precursors, whereas we study precursors that had been
injected into the dermis. (2) The method of LC enumeration
(emigration from organ culture vs. direct detection in the
epidermis) may contribute. (3) The kind of injected precursor
may be critical. We are injecting BMDC that may in large
part resemble the blood-borne precursors described by
Merad et al. These may not be suited well for immigration
into steady-state epidermis. Further characterization of
immigrated precursors and injection of defined subsets of
BMDC in this experimental setting might help to answer this
question.
Characterization of the LC precursor LC derive from the
bone marrow (Frelinger et al, 1979; Katz et al, 1979). Rather
than fresh bone marrow cells, we chose immature BMDC as
a source for precursors. Immature BMDC were found to
extravasate better into inflamed skin as compared with
mature cells (Robert et al, 1999). Cells that migrated into the
epidermis were CD11cþ , which confirms the dendritic cell
nature of the cells. Newly immigrated cells were in part
negative for MHC II, and they did not express Langerin. It
is known from the ontogeny of murine LC that MHC II
molecules appear only after arrival of the cells in the
epidermis (Romani et al, 1986; Elbe et al, 1989). Langerin
expression emerges even later, after MHC II (Tripp et al,
2004). This observation was also made in the experiments
shown in Fig. 6F,G, where LC that repopulated the
epidermis several days after tape stripping lacked Langerin
expression. TGF-b1, produced by epidermal cells (Grusch-
witz and Hornstein, 1992; Glick et al, 1993), may be
responsible for the full differentiation (i.e., MHC II and
Langerin expression) of LC within the epidermis (Borkowski
et al, 1996; Borkowski et al, 1997). In spite of this lack of
Langerin, the immigrated cells expressed CCR6, a marker
that is strongly suggestive for their LC nature (Charbonnier
et al, 1999; Dieu-Nosjean et al, 2000; Mohamadzadeh et al,
2001). This notion is further supported by our failure to
detect the Macrophage Mannose receptor (CD206) and the
high-affinity receptor for IgE (FceRI) on immigrant cells. This
excludes the possibility that the immigrated cells might
have been inflammatory dendritic epidermal cells (IDEC) as
described by Wollenberg et al in human epidermis (Wollen-
berg et al, 1996; Wollenberg et al 2002).
In summary, the presented system should prove helpful
to further characterize LC progenitors and the conditions
necessary for their recruitment in vivo in an inflammatory
situation and perhaps also in the steady state.
Materials and Methods
Mice Mice of inbred strains C57BL/6 and BALB/c were purchased
from Charles River Germany (Sulzfeld, Germany). F1 hybrid mice
(F1-mice), obtained by crossing BALB/c (I-Ad, I-Ed) and C57BL/6
(I-Ab), were bred in our breeding facility at the Department of
Dermatology, University of Innsbruck, Austria. Mice were used for
experiments at 8–12 wk of age according to institutional guidelines.
Cell culture Culture medium was RPMI1640 (CoaChrom, Vienna,
Austria) supplemented with 10% fetal calf serum (PAA, Linz,
Austria), 50 mg per mL gentamycin (Invitrogen, Carlsbad, CA), 2
mM L-glutamine (Sebac, Stuben, Austria), 0.05 mM 2-mercap-
toethanol (Sigma Chemical Company, St. Louis, MO), and 200
units per mL murine GM-CSF. The supernatant of the transfected
plasmacytoma cell line X38-Ag8 was used as a source of cytokine
(a kind gift from A. Lanzavecchia, Bellinzona, Switzerland). Bone
marrow-derived DC were isolated according to a standard protocol
(Inaba et al, 1992). In brief, single cell suspensions from bone
marrow were prepared and incubated for 1 h at 371C with the
following antibodies and Low Tox-M Rabbit Complement (Sera-
Lab, Crawley Down, Sussex, UK), to eliminate contaminating B and
T cells, cells already expressing MHC II and granulocytes: anti-I-
Ab,d (clone B21.2/TIB 229, rat IgG2b), anti-B 220 (clone RA3-3A1/
6.1/TIB 146, rat IgM), anti-CD8 (clone HO-2.2/TIB 150, mouse
IgM), anti-CD4 (clone GK1.5/TIB207, rat IgG2b), and anti-granu-
locyte mAb (clone RB6, rat IgG2b) all from R.M. Steinman, New
York, NY. The obtained precursor cells were cultured (5  105 cells
per well in 24 well plates) until day 6 in culture medium that was
replaced by fresh medium every 2 d.
Tape stripping and sheet preparation Ears were stripped 12–30
times with ordinary adhesive tape (TIXO, made in USA; Transpore
surgical tape, 3M Health Care, St. Paul, MN). For each stripping,
a fresh piece of tape was lightly pressed onto the ear and pulled
off. Transepidermal water loss (TEWL) was measured using an
Evaporimeter (Servomed R, Stockholm, Sweden). TEWL values
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were recorded in g per m2 per h after equilibration of the probe on
the skin (460 s). After defined time points, mice were euthanized
and epidermal and dermal sheets were prepared as described with
minor modifications (Juhlin and Shelley, 1977; Kitano and Okado,
1983). In brief, ears were cut off. The dorsal ear half was separated
from the cartilage-containing ventral ear half and floated epidermal
side up on 0.5 M ammoniumthiocyanate-solution for 20 min at
371C. The epidermis and dermis were separated, cut into small
pieces, and fixed in acetone or 2% paraformaldehyde for 10–20
min at room temperature. Samples were washed twice for 20
minutes in PBS and PBS/1% BSA and then used for fluorescent
labeling.
Immunohistochemistry LC in epidermal sheets were identified
by immunohistochemical analysis with anti-I-Ad/I-Ed mAb (clone
2G9, rat IgG2a fluoresceinated, BD-Pharmingen, San Diego, CA).
For selective staining of MHC II haplotypes we used anti-I-Ed,k
(clone 14-4-4S/HB32, mouse IgG2a) visualized by biotinylated
anti-mouse Igs and Streptavidin-Texas Red (both from Amersham
Biosciences, Amersham, UK) counterstained with anti-I-Ab,d (clone
B21.2/TIB229, rat IgG2b) visualized by fluoresceinated goat anti-
rat Ig, as described (Weinlich et al, 1998). Further reagents were:
anti-CD86/B7-2 (clone GL1, rat IgG2a, BD-Pharmingen); anti-
mature DC (clone 2A1, rat IgG2a, R.M. Steinman (Inaba et al, 1992;
Steinman et al, 1997)); anti-murine CD207/Langerin (clone 929F3,
rat IgG1 (Valladeau et al, 2002)); FITC-conjugated CD11c (clone
HL3, Armenian hamster IgG, BD-Pharmingen); anti-CCR6 (clone
140706, rat IgG2a, R&D-Systems, Minneapolis, MN), anti-CD206/
macrophage-mannose receptor (clone MR5D3, rat IgG2a, Serotec,
UK), anti-FceRIa (clone MAR-1, Armenian hamster IgG, e-
Bioscience, San Diego, CA). For some experiments, sheets were
counterstained with fluoresceinated anti-I-Ad/I-Ed (clone 2G9) after
blocking residual free binding sites with an excess of rat Ig. To
quantitate emigration of LC from the epidermis, labeled cells in
epidermal sheets were counted under an Olympus BX60 epifluor-
escence microscope using 40  objective lenses and a calibrated
grid (at least 20 fields for each sample).
Intradermal injection We injected either bulk BMDC or subpo-
pulations enriched by magnetic cell sorting. For enrichment, BMDC
were separated with MACS-beads against MHC II (clone M5/
114.15.2) or CD11c (clone N418, both from Miltenyi Biotec,
Bergisch Gladbach, Germany) according to the manufacturer’s
instructions. Before enrichment BMDC contained 53%–63% MHC
IIþ cells and 40–55% CD11cþ cells, as determined by FACS
analysis. Purity after enrichment was 88%–96% for the positive
fraction and 60% for the negative fraction. When enriching for
MHC II, we further purified the negative fraction. Cells were labeled
with anti-MHC II antibody (clone B21.2/TIB229, rat IgG2b) and
goat anti-rat IgG BioMag-beads (Qiagen, Hilden, Germany).
Labeled cells were retained by the magnet and the supernatant
containing the MHC II-negative subpopulation was collected
(purity determined by FACS analysis: 60%–86%).
Fifty thousand bone marrow-derived precursors from C57BL/6
mice were injected intradermally into the pinnae of the ears of F1-
mice in a volume of 50 mL PBS. Cells that had migrated into the
epidermis were detected by selective staining of MHC class II
haplotypes. Alternatively, bone marrow-derived DC from BALB/c
mice were labeled with PKH26 according to the manufacturers’
instructions (PKH26 red fluorescent cell linker kit, Sigma-Aldrich,
St. Louis, MO) and then injected into the dermis of syngeneic mice
(50000 cells in 50 mL PBS). Epidermal sheets from one whole ear
per time point were screened.
Preparation of lymph node cell suspensions Auricular lymph
nodes were teased apart and digested with 0.5 mg per mL
collagenase P (Roche, Basel, Switzerland) for 30 min at 371C. Cells
were pressed through steel sieves and passed through a Nylon cell
strainer with a pore size of 100 mm (BD Labware). The obtained
single-cell suspensions were counted in a hemacytometer to
determine total cell numbers, and analyzed by flow cytometry.
Flow cytometry Bone marrow-derived DC or single-cell suspen-
sions from auricular lymph nodes were stained with a combination
of one of the following antibodies: PE-conjugated anti-CD11c
(clone HL3), FITC-conjugated anti-MHC II (clone 2G9), FITC-
conjugated anti-CD40 (clone 3/23, rat IgG2a), FITC-conjugated
anti-CD86 (clone GL1, rat IgG2a), all from BD-Pharmingen); FITC-
conjugated anti-CD205 (clone NLDC-145, Serotec, Oxford, UK),
PE-conjugated anti-CCR6 (clone 140706, R&D Systems), or, after
permeabilization (Fix&Perm kit, BD-Pharmingen), anti-Langerin
mAb (clone 929F3, rat IgG1) followed by PE-conjugated goat
anti-rat Igs (BD-Pharmingen). Cell suspensions were analyzed on a
FACSCalibur (BD Biosciences, San Diego, CA). For reliable
detection and quantification of the low numbers of DC in the
lymph nodes, up to 100,000 cells were analyzed per FACS sample.
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Supplementary Material
The following material is available from http://www.blackwellpublishing.
com/products/journals/suppmat/JID/JID22520/JID22520sm.htm
Figure S1. LC-precursors immigrated into tape-stripped skin are
surrounded by resident LC. A cluster of epidermal cells, 2 d after
precursor injection into tape-stripped skin, can be seen. It consists
mostly of F1-cells, which are double positive for the MHC-haplotypes I-
Ab and I-Ed. The morphology of these cells indicates that they could be
newly immigrated. Among these, there is a single I-Abþ I-Ed cell,
identified by green fluorescence (arrowhead), which is derived from
intradermally injected precursors. Scale bar: 80 mm.
Figure S2. Immigrated precursors do not express molecules
characteristic for inﬂammatory dendritic epidermal cells (IDEC).
Bulk bone marrow-derived DC were labeled with PKH26 (red
fluorescence) before intradermal injection into tape-stripped skin.
Epidermal sheets were prepared 24 h later and stained in green for
either macrophage mannose receptor (A) or FceRI (B). Immigrated cells,
detected by red fluorescence and marked by arrowheads, were always
negative for both molecules. Scale bar: 35mm.
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